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Abstract 
The slip phenomenon that fluids have a nonzero velocity on static wall is very common in confined 
polymeric systems and plays a crucial role in polymer processing, lubrication, adhesion, coating, and 
etc. In particular, the surface instability induced by the wall slip in polymer extrusion processes has 
been a most important issue in polymer industries, since it significantly restricts the production rate 
within a certain low range. In addition, it has been well known that the fluid slip at the wall can make 
a considerable influence on the rheological properties of a confined polymer system in comparison to 
the corresponding bulk properties. 
Although numerous researches appeared in the past regarding the slip phenomenon, there still 
remains a critical lack of molecular-level understanding on structural and dynamical behaviors of 
polymer chains at interface under an external flow field. In this work, we carried out a comprehensive 
and detailed study on the fundamental molecular mechanism and dynamics of polymer melt near the 
interface under shear flow using atomistic nonequilibrium molecular dynamics (NEMD) simulation of 
unentangled C30H62 and entangled C178H358 linear polyethylene (PE) melts confined to a nanometer 
scale system. The slip phenomena were analyzed in detail with a particular effort in revealing the 
underlying origins in the microscopic level.  
For all the polymer systems studied here, we found that there exist three distinctive regimes in 
terms of the degree of slip (ds). In the 1
st
 regime where the flow strength is small, ds appears to keep 
increasing with increasing shear rate for both C30 and C178 PE melts. The behavior is associated with 
the chain rotation from the neutral direction to the flow direction, which effectively lowers the 
frictional force between polymer chains and the wall and thus promotes the fluid slip. In the 2
nd
 
regime with an intermediate flow strength, ds exhibits a rather plateau in the case of C30 PE melt and a 
decreasing behavior in the case of C178 PE melt. This regime is characterized as a dynamically stable 
range in chain rotation and tumbling mechanisms through a competition between the wall friction 
against the slip of adsorbed chains and the movement of adsorbed chains in the flow direction 
enhanced by the surrounding bulk chains promoting the slip. In addition, in the case of C178 PE melt, 
it is found that the degree of entanglement between adsorbed chains and the surrounding chains 
becomes weaker with increasing shear rate, leading to a decrease of momentum transfer from the 
surrounding chains to adsorbed chains and thus the decrease of ds. This effect is considered to be 
particularly important in interfacial slip for long, entangled polymer systems. With a further increase 
of shear rate (in the 3
rd
 regime), ds turns out to increase for both C30 and C178 PE melts. In this regime, 
polymer chains at interface experience a large amount of strong collisions with each other and with 
the wall atoms, resulting in chains get out of interfacial region. This induces less energetically 
favorable wall-fluid interaction thus, slip increases. Also we derived a parameter expressed by 
2 
 
microscopic conformation of interfacial chains which can demonstrate origin of slip at atomic-level. 
And trend of the parameter is well-fitted with degree of slip. 
The understanding confined fluid in microscopic level would help to give fundamental intuition 
with regard to application of confined fluid such as thin film or biological membranes etc. And one 
may control degree of slip depending on various application process based on origin of slip at atomic-
level.  
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Nomenclature 
 
Symbol Description Unit 
?̇? Reduced applied shear rate 2.35ps/time 
Wi Applied Weissenberg number  
Lx, Ly, Lz Simulation box length x, y and z 3.93Å  (≡σ) 
σf, σw, σwf, ɛf, ɛw, ɛwf LJ interaction parameter of fluid, wall and fluid-wall σ, 47K (≡ɛ) 
ds Degree of slip  
dinf Degree of interfacial friction  
<Zes> The number of entanglements per chains  
𝑓𝑠𝑢𝑟𝑟𝑜𝑢𝑑𝑖𝑛𝑔 Friction with surrounding molecules  
𝑓𝑤𝑎𝑙𝑙 Friction with wall atoms  
P(θxz) Probability density function of angle between center-to-
center vector and flow direction 
 
Gαα,inf Interfacial gyration tensors σ
2
 
λinf, λtotal Interfacial and total order parameter  
ycom,nst y component of center of mass of nonstick segments 3.93Å  (σ) 
θ2com Angle of center to center vector with flow direction degree 
tinf Interfacial residence time ps 
<Rg
2
> Mean squared radius of gyration Å
2
 
H Hamiltonian  
m, a, v Mass, acceleration and velocity g, m/s
2
, m/s 
p, q, t Peculiar momentum vector, position vector and time  
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Symbol Description Unit 
Q, ps, ts Nosé-Hoover thermostat variables  
, wf   Friction coefficient with fluid and with wall atoms  
ycom y component of center of mass 3.93Å  (σ) 
Nnst, Nst The number of nonstick atoms and stick atoms  
Vs, V Slip velocity and upper wall velocity  
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I. Introduction 
The confined systems easily found in catalysts, polymer film, polymer processing, and biological 
membranes have attracted a lot of attention due to many uses in practical application as well as 
various distinctive behaviors that cannot be recognized in typical bulk systems. In particular, the 
interfacial slip phenomena have been recognized as an intriguing topic since the pioneering work 
performed by Mooney (1931), as it violates the traditional no-slip boundary conditions assuming 
fluids at a wall to move with the same velocity as that of wall. Numerous works have demonstrated 
that a variety of surface instabilities observed in polymer processing are associated with the slip 
phenomena such as the stick-slip. Understanding fundamental molecular mechanisms and dynamics 
behind such interfacial properties would be thus essential in our capabilities of predicting unique 
behaviors of various confined systems. 
In the last decades, lots of experimental and computational studies have been conducted on 
confined fluid. It is widely known that when a fluid is confined to a narrow channel, its physical and 
chemical behaviors are very distinct from those of the bulk fluid (Steven et al, 1997; Baschnagel, 
2005; Luengo, 1997), as have been firmly demonstrated via advanced experimental techniques such 
as atomic surface microscopy (AFM) and surface force apparatus (SFA) (Tabor, 1969; Israelachvili, 
1976; Israelachvili, 1972; Israelachvili, 1978), revealing a fluid slip (Barrat, 1999; Inn, 1996; Pit, 
2000), a solid-like behavior (Gee, 1990; Yoshizawa, 1993; Klein, 1998; Bhushan, 1995), high 
viscosity (Van Alsten, 1988), and oscillatory solvation force (Israelachvili, 1989; Christenson, 1987; 
Israelachvili, 1983). One of the most important interfacial phenomena in practical applications is the 
surface instability (Tordella, 1957; Kalika, 1987; Wang, 1996) of polymer extrudates occurring in 
extrusion processes. Numerous experimental research efforts have been made to diminish the 
instabilities and find out the causes (Ballenger et al, 1971; Miller, 2004; Person, 1997; Agassant et al, 
2006; Hatzikiriakos, 2005). At the same time, a large amount of computational and theoretical studies 
have been carried out for various confined polymer systems to obtain detailed information of 
confinement effect on polymeric materials. The effects of the wall roughness (Jabbarzadeh, 2000; 
Priezjev, 2007), wettability (Nagayama, 2004; Priezjev, 2005; Thompson, 1990), polymer chain 
(Dijkstra, 1997; Gupta, 1997; Bitsanis, 1990) and degree of confinement (Gao, 1997; Cui, 2001) on 
interfacial dynamics have been intensely studied. Also a number of works have analyzed how the slip 
is associated with the interfacial friction, chain entanglement, degree of wettability, thermal effect 
(Priezjev, 2009; Dorgan, 2013; Thompson, 1990; Thompson, 1997; Schmatko, 2005), etc. However, 
fundamental understanding of these interfacial phenomena at microscopic-level still remains 
controversial and lacking. In-depth information of molecular mechanisms and dynamics would be 
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greatly helpful in our basic analysis of many practical confined systems. 
In this work, we have carried out a comprehensive and systematic study on the fundamental 
interfacial polymer dynamics by directly tracking the motion of individual chains beyond average 
physical properties via atomistic nonequilibrium molecular dynamics (NEMD) simulations of short 
and long polyethylene (PE) melts under shear in a wide range of flow strength. Our results reveal the 
molecular origins underlying the interfacial slip, as supported by various dynamics of interfacial 
chains and interfacial rheological properties in response to the applied flow field.  
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II. Theoretical background 
 
2.1 Interfacial Slip 
The no-slip boundary condition had been considered as one of the most standard boundary 
conditions applied in the study of fluid mechanics. However, many experimental and computational 
studies have observed that polymer melts generally have a nonzero velocity at static solid walls. The 
magnitude of slip has been reported as strongly dependent on chain length, chain architecture, wall 
structure, wettability, etc.  
When the fluid slides on a static wall with a finite velocity, the slip length can be measured by 
extrapolation of velocity profile near the bottom wall, as depicted in Figure 2.1.1. The finite velocity 
is called the slip velocity. The slip velocity Vs and slip length Ls have the following relation in the 
Navier model (Lamb, 1932). 
s s real
V L                                   (2.1) 
where real is the real shear rate, as can be computed from the actual velocity profile.  
 
Figure 2.1.1 Schematic drawing of a steady-state velocity profile under simple shear flow with the upper wall 
moving with velocity, V and the bottom wall being fixed. 
 
 
V=V
V=0
Ideal velocity
Ls
Vs
      ̇
     ̇
x
y
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2.2 Molecular dynamics simulation 
While experiments are the most important tools in measuring a variety of structural and rheological 
properties of fluids, they have certain limitations in elucidating molecular-level structure and 
dynamics. In complementing experiments, computer simulations have been widely applied in the 
study of the fundamental physico-chemical behaviors of complex fluids in bulk or a confined 
geometry. 
Molecular dynamics (MD) simulation, the most powerful computational method, computes the 
positions and velocities of individual particles by solving their equations of motion as a function of 
time. MD simulation is based on the classical Newtonian equation: 
d
m m
dt
 
v
F a                                  (2.2) 
where F is the force acting on the particle, a is acceleration of particle, m is its mass, v is its velocity, 
and t is time. The Hamiltonian of system is expressed as 
 
1
( , ) ( ,..., )
2
N
i i
N
i
i
H U
m

 
p p
p q q q                    (2.3) 
where pi and qi denote the peculiar momentum and position vectors of particle i, respectively, N the 
number of particle, and U the potential energy of system. The canonical equations of motion are then 
derived from the Hamiltonian as 
i
i
i i
H
m

 

p
q
p
                               (2.4) 
i i
i
H
  

p F
q
                               (2.5) 
Thus, the position and momentum of each particle can be calculated by integrating the 
equations of motion with respect to time. 
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III. Simulation Methodology and Materials Studied 
 
3.1 Nonequilibrium molecular dynamics simulation 
The atomistic NVT NEMD simulations of linear PE melts under shear flow were executed with the 
p-SLLOD algorithm (Baig, 2005; Edwards, 2005) implemented with the Nosé-Hoover thermostat 
(Nosé, 1984; Nosé, 1984; Hoover, 1985) for homogenous shear flow. Due to a finite fluid slip at the 
wall, it is reasonable to employ the real velocity gradient in the equations of motion to control the 
temperature of system. To extract the peculiar momentum i
p , the atomic velocity profile was fitted as 
a 5
th
-order polynomial in every time step. This makes following momentum form: 
( )ˆi i i yiUm p p r x                               (3.1) 
where U represents the real atomic velocity of x component. Then the p-SLLOD equations of motion 
with a Nosé-Hoover thermostat have following expressions: 
( ( )( )
( )
)ˆs
s
s is
i
i i
i
s
i i i i i i i i i yiU
m
pp
m m m
Q Q
sp
s
Q
p F

  
        

 p
p
r r u
p F r p u r u u p r u xr

   
  (3.2) 
where ri, pi, and Fi are the position, momentum, and force vectors of particle i of mass mi. s and 
ps are coordinate- and momentum-like variables, respectively, of the Nosé-Hoover thermostat. 
Q=DNkBTτ
2 
is the thermostat mass parameter where D and τ are the dimensionality and relaxation 
time parameter, respectively. The ideal velocity gradient tensor is given as 
 
0 0 0
0 0
0 0 0

 
 
 
 
 
u                                   (3.3) 
for planar Couette flow with shear rate  . The applied shear rate is expressed in reduced unit *  = 
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 tref where dimensionless time tref = (σ
2
m/ε)1/2. 
 We utilized the reversible reference system propagator algorithm (r-RESPA) (Tuckerman, 1992) to 
integrate the evolution equations. Using Eq. (3.2), the discrete time propagator is found as 
    
     
( ) exp[
( )
2
          
2 2
       
ˆ
ex
  
p
e x
]
e
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2 4 2
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[
]
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 

     
 
  
 


G
r x
p
r p
p p
r
f r p
p p
f r
p
   
     
   
[ ]
2 2 2
          [
2 2 2
     
p
e
     
2
xp exp[ ]
exp exp
]exp[ ]exp[ exp[ ]
] ]e p[
[
4
[
x
]
s
Rinput input
s
iinput input input
s
i i
i i
i i
i i
i i
i nputi
i
spt t t
u i t u
Q s
spt t t
u m u u
Q s
pt
m u m
Q
t
     
    
  
     
        
  

   
 


r r
r r
p
r
r
L
p
p
f r
p
 ( ) ˆ
exp
]
         [ ( ) ]exp[ ]
2
]exp[
4 2
i yi
i
i i
ii
s
s
s
U
pt t t
F
Q p



     
 
  
r x
p
p f r
p p
(3.4) 
where Fs is the thermostat force. The Liouville operator LR of the reference system is defined as  
R Ri ( )
i
i
ii im
 
 
 
p
L F r
r p
                           (3.5) 
In all the simulations, we employed 2.35 fs for weak non-bonded forces (intermolecular and 
intramolecular interactions) and 0.47 fs for strong bonded forces (bond-stretching, bond-bending, and 
bond-torsional interactions). 
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3.2 Simulation model 
In this work, we studied two monodispersed linear C30H62 and C178H358 PE melts confined by 2-
layered simple cubic lattice walls, as shown in Figure 3.2.1.  
 
 
Figure 3.2.1 Instantaneous snapshot of C178H358 melt system confined in 2 layered-simple cubic lattice walls. 
 
The simulations were carried out at constant temperature T = 350K and density ρ = 0.795g/cm3 for 
C30H62, T = 450K and density ρ = 0.78912g/cm
3 
for C178H358 (corresponding to the pressure P = 1atm 
in the confined systems). To reduce any system-size effects due to chain extension especially under 
strong flow fields, the simulation box dimension was set as (57.54Å )×(85.097Å )×(57.54Å ) along the 
x-, y- and z-directions respectively, containing total 300 C30H62 molecules. For C178H358 PE melt, the 
basic box dimension was set as (65.8884Å )×(70.5082872Å )×(65.8884Å ) and was enlarged in the x-
direction by duplicating it by one, two, and four times depending on the applied shear rate. These 
three different duplicated simulation boxes contained 54, 108, and 216 C178H358 molecules, 
respectively.  
The simulations were performed with the Siepmann-Karaborni-Smit (SKS) united-atom potential 
model (Siepmann, 1993). In the SKS model, intermolecular and intramolecular nonbonded 
interactions were calculated with 6-12 Lennard-Jones (LJ) potential: 
2 layered-simple cubic lattice walls
x
z
Lattice parameter, σw= 5.227Å
Ly = 70.508Å
Lx = (65.8884×2) Å
x
y
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12 6
( ) 4
ij ij
ijLJU r
r r
 

    
    
     
                          (3.6) 
where σij is distance and εij is energy between i and j particles. The LJ energy and size parameters 
ɛf/kB = 47 K and σf = 3.93 Å  for CH2 units, and ɛf/kB = 114 K and σf = 3.93 Å  for CH3 units. The bond-
stretching, bond-bending, and bond-torsional interactions are described by the following expressions: 
2( ) ( )
2
str
stretching eq
k
U l l l                              (3.7) 
2( ) ( )
2
ben
bending eq
k
U                                 (3.8) 
and 
3
0
( ) cosmtorsional m
m
U a 

                             (3.9) 
where bond-stretching constant = kstr/kB = 452,900 K/Å
2
, equilibrium bond length leq = 1.54 Å , bond-
bending constant = kben/kB = 62,500 K/ rad
2
, equilibrium bond angle θeq = 114
°
, and bond-torsional 
constants are a0/kB = 1010 K, a1/kB = 2019 K, a2/kB = 136.4 K and a3/kB = – 3165 K.  
The simulation systems were confined by rigid simple cubic lattice walls composed of 484 atoms 
for C30H62 PE melt, and 676, 1352 and 2704 atoms for the three different C178H358 PE melts. The 
lattice parameter of simple cubic wall was set as 5.227Å  corresponding to σw = 1.33σf. The surface 
energy of the walls in both PE systems was set as ɛw/kB = 939K which is analogous with mica surface 
(~200-400mJ/m
2
) (Cui, 2001).  
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IV. Results and discussion 
 
Figure 4.0.1a, b, c and d display simulation results for the degree of slip (ds) of the C30 and C178 PE 
melts as a function of the Weissenberg number, Wi (defined as the product of the longest relaxation 
time  of the system and the imposed strain rate). ds is defined as 1 /real input   where input  and 
real  denote the input and the real shear rate, respectively. In addition, ds is equal to the ratio between 
the slip velocity Vs and the imposed upper wall velocity V:  
1 / /s sreal input s
V V VV V
d
H H H V
 
 
     
 
              (4.1) 
where H denotes the box length in the y-direction. The streaming velocity in the flowing (x-) direction 
as a function of the y-coordinate was evaluated by dividing the y-dimension of the simulation box into 
multiple bins and by averaging their x-component velocity over all the particles belonging to each bin. 
The streaming velocity profile was then fitted to the 5
th
-order polynomial to obtain the real shear rate. 
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 Figure 4.0.1 Plots of the degree of slip (ds) vs. Wi for C30H62 with (a) ɛwf = 2.83, (b) ɛwf = 6.32, and (c) ɛwf = 
4.42 melts. (d) The corresponding result for C178H358 melt with ɛwf = 4.47. 
 
First, in the case of C30 PE melts, we carried out simulations with three different values of the LJ 
interaction parameter (ɛwf) between polymer and wall atoms to study the effect of wall-fluid 
interaction on the slip. We see that ds can be categorized into three regimes for each of the three 
different C30 systems. It is seen that the slip velocity or the slip length increases with the shear rate, 
which is a general behavior as previously reported for confined polymer systems (Thompson, 1997; 
Craig, 2001; Choi, 2003; Priezjev, 2004; Zhu, 2001; Migler, 1993; Mhetar, 1998). But an important 
observation in Figure 4.0.1 is that ds for each system reaches a plateau at intermediate shear rates, 
which can be interpreted as indicative of constant rate of rise in both input shear rate and real shear 
rate. This behavior appears to be clearer for the stronger wall interaction (Figure 4.0.1b). In contrast, 
the result of ds for the C178 PE melt, as displayed in Figure 4.0.1d, exhibits a different behavior than 
that of the C30 melts. Although there still exist three distinct regimes like C30, we notice that ds is 
found to decrease instead of a plateau in the intermediate shear range. In addition, it shows relatively 
high value of ds even at low shear rates. We now look into the molecular mechanism and dynamics for 
each regime observed in the C30 and C178 systems. 
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4.1 The 1
st
 regime of degree of slip 
Let us consider the 1
st
 regime of ds, which shows an increasing behavior with shear rate. First, we 
defined the interfacial chains near wall as the molecules whose y-component of the center-of-mass is 
located within 2.5σ (set as equal to rcut ) from the bottom wall, as depicted in Figure 4.1.1.  
 
 
Figure 4.1.1 An interfacial chain adsorbed on the bottom wall. The stick segments can feel a friction with wall, 
and non-stick ones can feel a friction with nearby surrounding chains. The directions of friction are opposite to 
each other.  
 
In Figure 4.1.2a, we present the probability distribution function of the angle between the center-to-
center vector of interfacial chains projected orthogonally in the xz-plane and the x-direction (xz angle) 
of C30 (ɛwf = 4.42) at three different Wi numbers within the 1
st
 regime of ds. To see how chains are 
arranged in the xz-plane, we divided an interfacial chain into two equal fragments and calculated the 
centers of mass of each half. The angle was computed between the vector connecting two centers of 
mass projected in xz-plane and the x-direction. The results show that with increasing the flow strength, 
chains become more aligned in the x-direction resulting in a higher probability around zero degree. 
This trend is well shown in Figure 4.1.2b; with increasing Wi in the 1
st
 regime of ds, the interfacial Gxx 
appears to increase whereas the Gzz decreases. This behavior becomes more intensified for larger 
surface interaction (see Figure 4.1.3b and Figure 4.1.3d). Also interfacial chains become more ordered, 
as directly seen from the result of the order parameter in Figure 4.1.4a. Because of the wall interaction 
and confined geometry, the interfacial chains are likely to be ordered even at low flow rates (Dijkstra, 
Stick region ≡ σwf
Interfacial region ≡ 2.5σf
fwall
fsurrounding
x
y
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1997; Bitsanis, 1990; Cui, 2001; Daoulas, 2005; Gupta, 1997) and get more ordered with increasing 
Wi.  
 
 
 
 
Figure 4.1.2 NEMD simulation results of the C30H62 and C178H358 melts with the wall-fluid LJ interaction 
parameter (ɛwf ) as equal to 4.47 as function of Wi. Each regime of degree of slip (ds) is classified with vertical 
dotted lines: (a) the probability distribution function P(θxz) of the angle between the center-to-center vector of 
chain projected orthogonally in xz-plane and the x-direction (flow direction) in the 1
st
 regime of ds, and (b) the 
interfacial gyration tensor of C30H62 melts. The corresponding results for (c) the probability distribution function 
P(θxz) and (d) the interfacial gyration tensor for the C178H358 melt. 
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Figure 4.1.3 The same results, but (a) and (b) with ɛwf=2.83 for the C30H62 melt and (c) and (d) with ɛwf=6.32 for 
the C30H62 melts. 
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Figure 4.1.4 Total (λtotal) and interfacial (λinf) order parameter of (a) C30H62 melt (ɛwf=4.47) and (b) C178H358 melt 
(ɛwf=4.47) as function of Wi. The vertical dotted lines mark each regime of each system.  
 
 
 
 
Figure 4.1.5 Snapshots near the bottom wall projected onto the xz-plane of C178H358 (top) and C30H62 (bottom) 
melts with ɛwf=4.47 in the 1
st
 regime of ds, showing the tendency of chain orientation along the flow direction 
with increasing Wi, leading to a smaller friction with wall as flow strength increases in this regime. 
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This behavior can be understood visually, as shown in the bottom snapshots of Figure 4.1.5 where 
interfacial molecules on the bottom wall become aligned in x-direction with increasing the flow field 
in view of the xz-plane. Then one may raise a question that how increasing behavior of ds can be 
explained in this regime. First, we can understand that interfacial chains aligned in the flow (x-) 
direction tend to slip more than those aligned in the neutral direction (z-direction), due to the smaller 
wall friction felt by the chains oriented in the flow direction than the neutral direction. However, it 
seems contradictory to generally accepted view where the more alignment of chains near wall gives 
rise to more interaction area between wall atoms and polymers, leading to a lower slip (Gupta, 1997; 
Peters, 1995). However, the important point here is not about the apparent interaction area but the 
actual degree of friction with wall. We thus conclude that polymers generally tend to get ordered 
within hollow valleys located in-between the centers of neighboring wall atoms (Klein, 1998; 
Bhushan, 1995) and furthermore the chains along valleys running parallel to the flow direction are 
easy to slip in that direction. Depending on the wall structure such as FCC, BCC etc., the degree of 
slip will be generally different; however, for a given wall structure, chains along the wall corrugation 
whose direction is same as the flow direction would have a larger slip velocity. Furthermore it is 
demonstrated that at low flow rates, thermal motion of chains is comparable to the external flow field, 
resulting in a relatively small degree of slip in the 1
st
 regime of ds (see Figure 4.0.1). 
Similar behaviors are observed in the case of C178 PE system. As shown in Figure 4.1.2d, the xx-
component of interfacial gyration tensor exhibits an increasing tendency, indicating the similar 
orientation process of interfacial chains to those observed in the C30 systems. The variation of 
probability distribution function of xz angle (Figure 4.1.2c) and interfacial order parameter (Figure 
4.1.4b) further corroborate the molecular mechanism of chain orientation process to the flow direction, 
resulting in a lower friction between the chains and the wall and thus a larger ds in the 1
st
 regime. This 
is further seen from the snapshots of chain configuration (see the top of Figure 4.1.5). However, there 
is one interesting difference between the two PE systems. Even at low shear rates (in the 1st regime of 
ds), the magnitude of ds is seen to be much large for the C178 melt, compared to the result of the C30 
(Figure 4.0.1). It is mainly attributed to the large degree of entanglement between chains in the case of 
C178 PE system, as displayed in Figure 4.1.6. In Figure 4.1.6a, we calculated the number of 
entanglements per chains, <Zes> in bulk and confined C178 systems as function of Wi using Z analysis. 
In the 1
st
 regime of ds, <Zes> in confined system exhibits a constant behavior in contrast to <Zes> in 
bulk which decreases with Wi. Due to the attractive wall interaction in the confined systems, chains 
near the wall have a more aligned and stretched shape (Figure 4.1.3d), resulting in overall a fewer 
value of <Zes> in confined C178 than the corresponding bulk system. However, many nonstick 
24 
 
segments of adsorbed chains are still observed and these long nonstick segments can get entangled 
with nearby surrounding others chains (see Figure 4.1.6c). Thus, the interfacial chains are to be pulled 
by the surrounding chains with higher streaming velocities, leading to a large slip as compared with 
short C30 melt systems where no entanglement effect exists. This large slip diminishes the effect of 
applied flow field; that is, even low flow strength can induce fewer <Zes> in confined C178 melts in the 
1
st
 regime of ds.   
 
 
 
Figure 4.1.6 Effect of the flow strength on (a) total number of entanglement per chain, <Zes>, for the bulk and 
the confined C178H358 melts, and (b) the number of entanglement per interfacial chain, <Zes,inf>, for the confined 
C178H358 melt, with the inset representing Vcom,real/Vcom,ideal. (c) Snapshots of the primitive path for an 
instantaneous system configuration near the bottom wall in the 2
nd
 regime of ds for the confined C178H358 melts 
at two different Wi numbers. The left snapshot depicts a representative example, showing that an attached 
interfacial chain gets entangled with a detached chain.  
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4.2 Degree of interfacial friction parameter 
As mentioned above, the friction with wall decreases with chain alignment along the flow direction, 
which results in an increasing trend of ds in the 1
st
 regime. Then, we should think of what are the 
dominant factors for the slip in the other regimes. Here, we have considered a slip occurring near 
static wall in terms of molecular friction. As illustrated in Figure 4.1.1, the segments that are stuck on 
wall atoms (bottom wall ~ σwf  ≡ stick region) would be affected by frictional force mostly due to the 
wall atoms, whereas those out of the stick region would feel friction mostly with other polymer chains. 
This concept can be expressed by the following equation:  
, ( )inputnst com nst w st s nst sf fN y N V N V                          (4.2) 
where f , nstN , ,nstcomy , w , stN , and sV , respectively, denote the friction coefficient of fluid, 
the number of nonstick atoms of interfacial chains, the y-component of the center-of-mass of nonstick 
segments of interfacial chains, the friction coefficient of wall, the number of stick atoms of interfacial 
chains, and the slip velocity. This connotes that difference between molecular friction and wall 
friction gives rise to a slip velocity of molecule. Here, it is noted that w  gets smaller because of 
chain alignment, so this parameter (eqn 4.3) increases in the 1
st
 regime of degree of slip. This is 
consistent with the behavior of ds.  In addition, we assume the friction coefficient of fluid and wall 
would be almost the same after the 1
st
 regime of degree of slip. Then, the equation can be expressed 
as 
,
inf
, ,
 
)
( )
(
nst input
input input
nst com w st s nst sf f
nst com nstf nst com nsts
nst w stf
d
V
N y N V N V
N y N yV
V N N NV
   
  
 
 

    
            (4.3) 
where N andV  are total number of nonstick and stick atoms of interfacial chains and velocity of 
upper wall. Thus, implemented with the equation (we call this parameter degree of interfacial friction, 
dinf), now we examine the 2
nd
 and 3
rd
 regimes with other properties. 
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4.3 The 2
nd
 regime of degree of slip 
In this study, it is a noteworthy observation of ds in the 2
nd
 regime. As presented in Figure 4.0.1, a 
plateau and a decrease of ds were observed in C30 and C178 melts respectively. Then one may ask why 
ds shows a plateau or a decreasing behavior at an intermediate flow range. It is clearly shown in 
Figure 4.1.2b, where interfacial gyration tensors of C30 are almost constant in the 2
nd
 regime compared 
with other regimes, despite undergoing shear field. This result is in good agreement with those of 
different interaction parameters in Figure 4.1.3b and 4.1.3d. It is also fully consistent with the result of 
the interfacial order parameter reported in Figure 4.1.4a where it shows a constant behavior in the 2
nd
 
regime. This is a direct manifestation of maintaining chain conformation to some degree, since 
interfacial chains are hard to be capable of rotating (Vogel, 2009; Borodin, 2003; Harmandaris, 2005; 
Smith, 2007) although their orientation and stretched conformation are already saturated in relatively 
low flow rates, in comparison with bulk chains. This is due to the confinement geometry as well as 
interaction with wall atoms. However, we should keep in mind that the above result does not imply 
that polymer molecules still keep their conformation without a change in this regime. Instead, because 
chains near the bottom wall get uniform rate of momentum transferred from the upper wall, constant 
ds can be measured. From a molecular point of view, we can say that the adsorbed segments 
interacting with wall atoms and the other non-adsorbed segments taking the flow momentum from 
bulk region (outside 2.5σ distance from the wall) would keep a balanced stable state in terms of the 
ratio between the slip and the applied velocity. Thus, this regime can be regarded as a dynamically 
stable state without much change in the adsorption states of chains in interfacial region. One 
additional point here is seen in Figure 4.3.1c which depicts the behavior of degree of interfacial 
friction parameter, dinf. dinf exhibits a nearly constant trend like ds in the 2
nd
 regime of ds and its overall 
trend is well maintained with different interaction parameters (Figure 4.1.3a and 4.1.3b).  
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Figure 4.3.1 Variation of the degree of interfacial friction (dinf) for the case of (a) ɛwf=2.83, (b) ɛwf=4.42, and (c) 
ɛwf=6.32 for C30H62 melt, and (d) ɛwf = 4.47 for C178H358 melt with the inset representing the y-component of the 
center-of-mass of the nonstick segments of interfacial chains (ycom,nst). 
 
 
Hence, it is concluded that the wall interaction is compatible with the strength of chain rotation in this 
regime by considering definition of dinf which has a factor of the number of nonstick segments divided 
by the number of moles of adsorbed molecule. In addition, ycom,nst shows no significant change in this 
regime, because chains are short without any entanglement effect. This is why the 2
nd
 regime of ds is 
more noticeable for a stronger wall interaction, because the flow field in the 2
nd
 regime is not enough 
to overcome wall interaction and make the chains leave away from the wall. Also other motions in the 
2
nd
 regime could be observed where chain is repeatedly attached and detached from the wall or rotates 
with being attached on wall. (see Figure 4.3.2).  
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Figure 4.3.2 Sketch of two different molecular mechanisms of C30H62 melts (ɛwf =4.47) occurring in the 2
nd
 
regime of ds. Interfacial chains cannot rotate easily due to the wall interaction. The top panel shows a chain 
motion which repeatedly attaches on and detaches from wall, caused by the competition between the wall 
interaction and the applied flow effect. Otherwise, it can rotate with being attached to the wall as shown in the 
bottom panel.  
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Then now we look into the decreasing behavior of ds in the case of C178 system. The degree of 
entanglement would make a considerable effect on the slip in case of long polymers. However, it is 
important to note that the number of entanglements is found to significantly decrease with shear rate, 
as contrasted with the 1
st
 regime of ds as shown in Figure 4.1.6a. One interesting point here is that 
<Zes> in the confined C178 system is overall slightly larger than that in bulk C178 in the 2
nd
 regime. This 
would result from both weaker disentanglement effect due to the chain alignment caused by the flow 
field and longer relaxation time in confined C178. Except for this, <Zes> in the two systems shows a 
similar trend in this regime, and thus we need to consider entanglements near the interfacial region to 
reveal the origin of decreasing ds. As mentioned above, entanglement between attached chains and 
detached chains would make a dominant effect on the degree of slip. Therefore, here we calculated the 
number of entanglements of attached chain per chains, <Zes,inf> in the confined C178 system. We 
regarded interfacial chains as attached interfacial chains if they have nonzero number of atoms in stick 
region. Then, we have plotted <Zes,inf> exhibited by attached chain and detached chain respectively in 
Figure 4.1.6b. This shows that <Zes,inf> of attached-detached decreases as increasing Wi. However one 
may still doubt whether <Zes,inf> of attached-detached is an important factor or not on the slip, because 
the behavior of <Zes,inf> of attached-detached apparently looks similar to <Zes>. Therefore, to confirm 
our assumption, we displayed the ratio between the real velocity and the ideal velocity of the center-
of-mass of chains whose entanglements are induced from between attached-detached or detached-
detached chains. This demonstrates that entanglements between detached chains hardly affect the slip 
in contrast with those of attached-detached chains which induces slip and decreases with Wi in the 2
nd
 
regime. Hence, we conclude that entanglements between attached chain and detached chain are 
important for the slip. It is further confirmed in Figure 4.1.6c where entanglement between attached 
chain and detached chain get diminished with increasing flow field in the 2
nd
 regime of ds. The 
decrease in <Zes,inf> of attached-detached corresponds to the decrease in ds in the 2
nd
 regime. This also 
coincides with the result of dinf shown in Figure 4.3.1d. Here, the entanglement release implicates a 
decrease of the y-component of the center-of-mass of nonstick segments of attached interfacial chains 
(inset of Figure 4.3.1d). Apart from the entanglement effect of the C178 system, a similar molecular 
behavior as exhibited by the C30 melts can be observed. Because the wall interaction competes with 
the flow strength (chain rotation), chains exhibit dynamical motions as shown in the top of Figure 
4.3.3 or rotate with adhering to the wall as displayed in the bottom of Figure 4.3.3.  
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Figure 4.3.3 Chain motions near the bottom wall for the C178H358 melts (ɛwf=4.47) in the 2
nd
 regime of ds. Similar 
motion is observed in the case of C30H62 melts (ɛwf =4.47).  
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4.4 The 3
rd
 regime of degree of slip 
As we further increase the flow rate, the chain rotation and collision become dominant, which 
corresponds to the trend of mean-square chain radius of gyration (Baig, 2010; Kim, 2008) shown in 
Figure 4.4.1a. We also measured the interfacial residence time as a function of Wi, indicating how 
long the molecules underwent the wall interaction under the assumption that any of atoms in the 
molecule were located in stick region (bottom wall~σwf). If a chain run away from the wall, only that 
time examined before its escape from that region is recorded. Results of the interfacial residence time 
and mean-square chain radius of gyration were plotted as a function of Wi according to the three 
respective regimes of ds. The result shows that the starting point of the 3
rd
 regime based on ds is in 
accordance with the decreasing point of the mean-square chain radius of gyration and the interfacial 
residence time to a certain degree. Furthermore, while the residence time remains almost unchanged 
throughout the 2
nd
 regime, it has a decreasing tendency in the 3
rd
 regime coupled with chain rotation 
and collision. This clearly demonstrates that numerous chains are apt to be washed away from the 
interfacial region to the bulk region due to significant molecular collisions and rotation, further 
diminishing atomistic density near walls (See Figure 4.4.2) (Jabbarzadeh, 1999; Niavarani, 2008). 
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Figure 4.4.1 Results of the interfacial residence time (tinf) and the mean-square chain radius of gyration of 
simulated (a) C30H62 melts (ɛwf = 4.47) and (b) C178H358 melts (ɛwf = 4.47) as function of Wi. 
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Figure 4.4.2 Chaotic tumbling motion of a representative chain for C30H62 melts (ɛwf =4.47) in the 3
rd
 regime of 
ds, showing that interfacial chains are easy to depart from the interfacial region into the bulk region due to strong 
collisions with the wall or surrounding bulk chains at high flow fields. 
 
 
 
 
 
Hence, it is surmised that molecular rotation or collision is a major factor for increasing ds of the 3
rd
 
regime. Also this result is in good agreement with that of Figure 4.1.2b where Gxx decreases and the 
other starts to increase (also for other systems as shown in Figure 4.1.3b and 4.1.3d). As a result, the 
influence of wall interaction becomes less significant, thus causing a number of molecules to leave the 
vicinity of wall toward the bulk center as depicted in Figure 4.4.3a. As consistent, the intermolecular 
LJ energy of bottom wall-fluid per united atom is seen to increase in the 3
rd
 regime, which eventually 
makes chains near wall slip largely. In addition, we looked into the intermolecular pair distribution 
function g(r) of polymers from bottom wall in Figure 4.4.4a where three different Wi representing 
each regime of ds were selected. The 1
st
 and 2
nd
 regimes, the result of Wi=0.46 and 5.74 show a similar 
behavior in g(r), whereas the largest peak position of g(r) is shifted at Wi=172. This can be understood 
through previous mentioned frictional view. Because chains go through a considerable degree of chain 
rotation and collision, they cannot attach well to the wall, and thus the largest peak would be shifted 
from the bottom wall. This makes a small friction with the bottom wall as mentioned in the result of 
dw. Consequently it leads to a decrease in dinf, and this trend is coherent with that of ds. It can be also 
found in Figure 4.3.1a and 4.3.1b. 
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Figure 4.4.3 Intermolecular LJ energy per atom between polymers and the bottom wall as function of Wi for (a) 
C30H62 melts (ɛwf = 4.47) and (b) C178H358 melts (ɛwf = 4.47). 
 
 
 
 
 
 
 
Figure 4.4.4 Intermolecular pair distribution function gwall-polymer(r) between polymers and the bottom wall for (a) 
C30H62 melts (ɛwf = 4.47) and (b) C178H358 (ɛwf = 4.47) melts. 
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Figure 4.4.1b presents the plots of the mean-square chain radius of gyration and the interfacial 
residence time versus Wi for the C178 system. It is seen that the interfacial residence time of C178 is 
longer than that of C30 in the entire range of Wi. It can be inferred that for longer chain, it is more 
difficult to wash away the chains from the wall to the bulk center. In Figure 4.4.5, we also displayed 
one of interfacial chains undergoing rotational mechanism and departing from the wall. This is 
analogous to the trend of C30 in the 3
rd
 regime where the interfacial residence time and chain radius of 
gyration start to decrease accounting for rotation and depart process. Also, as we observed in the C30 
system, the intermolecular LJ energy per atom of the bottom wall for the C178 system increases 
beyond the 2
nd
 regime, as seen in Figure 4.4.3b along with the peak shift of g(r) shown in Figure 
4.4.4b in the 3
rd
 regime. While the entanglement effect is important in enhancement of the slip in the 
case of the C178 system, since the degree of entanglement significantly decreases in the 3
rd
 regime, the 
physical behaviors become qualitatively similar to those of short chain of the C30 system.  
 
 
 
 
 
 
 
 
 
Figure 4.4.5 Visualization of chain rotation near the bottom wall for a C178H358 melt (ɛwf = 4.47) in the 3
rd
 regime 
of ds. An interfacial chain is shown to get out of the interfacial region. 
 
  = 0 ns  = 0.136 ns           n  = 0.371 ns
   = 5579x
y
Chaotic rotation (departing interfacial region) 
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V. Conclusion 
 
Atomic-level understanding of molecular dynamics and mechanisms in confined polymer systems 
still lacks, in spite of numerous previous studies. To this end, nonequilibrium molecular dynamics 
(NEMD simulation is considered as a valuable tool. Thus, we have embarked on a thorough analysis 
of C30 and C178 melts confined with a simple cubic lattice wall to study the molecular mechanisms via 
atomistic NEMD simulations. In particular, we have focused on how molecular dynamics is altered 
depending on the chain length under confinement in terms of the tendency of the degree of slip ds. For 
C30 melts, ds exhibits three distinctive regimes such as an increasing, then a plateau, and then a 
decreasing behavior with increasing the flow strength. In comparison, ds of the C178 system displays 
an increasing, then a decreasing, and then an increasing trend. Another notable feature in ds is that a 
stronger wall-fluid interaction makes the 2
nd
 regime longer and more prominent. For C178 melts, a 
large slip is observed even at low Wi numbers (the 1
st
 regime). 
At weak flow strengths in the 1
st
 regime, chain orientation near wall is still not saturated. With 
further increasing the shear rate, chains become stretched and aligned in the flow direction, as can be 
seen from the results of the interfacial gyration tensors and the interfacial order parameter for both C30 
and C178 melts. This chain alignment makes the fluid friction with the wall smaller, leading to an 
increase of ds. In addition, in case of the longer C178 melts, the entanglement between the attached 
chains and nearby detached chains make a significant effect to result in a larger slip in comparison 
with the C30 melts.  
In the 2
nd
 regime, which is one of most important observations in the present study, ds reaches a 
plateau in the case of C30 melts, indicating a dynamically stable state of balancing between the effects 
of chain rotation and wall interaction. On the other hand, for the C178 melts, <Zes,inf> of attached-
detached chains decreases with increasing the flow field, as the relative portion of nonstick segments 
in the attached chains becomes smaller, which brings about a decrease in slip.  
At high shear rates in the 3
rd
 regime, our simulation results indicate that chain rotation and 
molecular collisions become dominant. As such, the chain residence time staying in the interfacial 
region was found to significantly decrease as compared with the other two regimes. In other words, 
chains are capable of easily leaving out of the vicinity of wall into the bulk region, decreasing the 
attractive wall-fluid interaction and leading to a large degree of slip. We can suppose that the same 
behavior is applied to both C30 and C178 melts, because the entanglement effect is no longer dominant 
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under high flow fields.  
To further understand the slip behavior in microscopic level, we introduced the degree of interfacial 
friction (eqn 4.3) which is expressed in terms of the difference between the friction of interfacial 
chains with wall and that with surrounding chains. In the 1
st
 regime of ds, the friction with wall 
decreases due to chain alignment to the x-direction from the z-direction, leading an increase in ds. In 
view of a decrease in w , dinf can be expected to exhibit an increasing behavior similarly to ds. In the 
2
nd
 regime of ds, the strength of chain rotation and wall interaction are comparable to each other and 
the corresponding factor, Nnst/N, in dinf maintains a plateau. There is no significant change of ,com nsty in 
case of the C30 melts. However for C178 melts, the effect of disentanglement with shear rate results in 
decreasing ,com nsty . In the 3
rd
 regime of ds, chains can easily leave from the vicinity of wall, leading to 
a decrease in w and thus an increase in dinf.  
All these results are expected to help us achieve fundamental understanding of various physical 
phenomena occurring in confined polymer systems. Furthermore, the present work would be useful in 
exploring more complex interfacial polymeric systems such as confined branched or ring polymers 
and biomembrane, thus allowing us to gain general insight into interfacial polymeric systems under 
flow fields.  
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